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HIGHLIGHTS 


•  Characterized  lithium  ion  batteries  under  extensive  cycling  (>3000  cycles). 

•  Achieved  long  cycle  life  (>3000  cycles)  with  LiNii_x_yCoxMn3/02  cathode. 

•  Importance  of  cathode  composition  and  electrode  design  for  long  cycle  life. 

•  Possible  capacity  fade  mechanisms  were  discussed. 
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Lithium  ion  batteries  with  lithium  nickel  cobalt  manganese  oxide  (NCM)  cathode  were  characterized  by 
extensive  cycling  (>2000  cycles),  discharge  rate  test,  hybrid  pulse  power  characterization  test  (HPPC), 
and  electrochemical  impedance  spectroscopy  (EIS).  The  crystal  structure,  morphology  and  particle  size  of 
cathode  materials  were  characterized  by  X-ray  diffraction  and  scanning  electron  microscopy  (SEM).  It 
was  demonstrated  that  the  rate  performance  and  cycle  life  of  battery  are  closely  related  to  the  cathode 
material  composition  and  electrode  design.  With  proper  selection  of  cathode  composition  and  electrode 
design,  the  lithium  ion  battery  cell  achieved  close  to  3500  cycles  with  85%  capacity  retention  at  1C 
current. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  ion  batteries  have  drawn  a  lot  of  attention  as  one  of  the 
most  promising  power  sources  for  electric  vehicles  (EV)  or  hybrid 
electric  vehicles  (HEV),  and  residential  energy  storage  applications 
[1—3].  Unfortunately,  the  high  energy  density  and  cycle  life  re¬ 
quirements  for  these  applications  necessitate  further  improvement 
of  the  present  lithium  ion  batteries.  Electrode  materials  play  an 
important  role  in  achieving  these  requirements,  and  considerable 
efforts  have  been  devoted  to  develop  new  cathode  materials  and 
new  structured  materials  [4,5]. 

Lithium  nickel  cobalt  manganese  oxides  (NCM), 
LiNii_x_yCoxMny02,  are  attractive  alternative  to  LiCo02  as  cathode 
materials  for  lithium  ion  batteries  due  to  their  relative  low  cost, 
high  capacity,  and  better  thermal  stability  [6-10].  The  capacity  and 
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thermal  stability  of  NCM  strongly  depend  on  composition,  espe¬ 
cially  Ni  content.  Higher  Ni  content  in  NCM  is  responsible  for  higher 
reversible  capacity  because  of  the  main  redox  species  of  Ni. 
However,  high  Ni  content  also  leads  to  lower  structural  and 
thermal  stabilities  when  NCM  cathode  is  deeply  charged, 
increasing  the  solid-electrolyte  interfacial  impedance.  For  instance, 
the  LiNii/3Mni/3Coi/302  cathode  has  good  thermal  stability  and 
delivers  discharge  capacities  of  150-160  mAh  g-1  when  charged  to 
4.3  V.  However,  the  capacity  of  LiNii/3Mni/3Coi/302  is  not  sufficient 
for  PHEVs  application  [10].  On  the  other  hand,  Ni  rich  NCM,  such  as 
LiNi0.8Coo.iMn0.i02  have  been  intensively  investigated  as  positive 
electrode  materials  for  EV  applications  because  of  their  relatively 
high  reversible  capacity,  about  200  mAh  g_1.  Unfortunately,  they 
have  shown  poor  thermal  stability  and  poor  cycle  life.  The  thermal 
instability  is  due  to  oxygen  release  from  the  highly  delithiated 
NCM,  which  reacts  with  the  organic  electrolyte  and  causes  thermal 
runaway  [11].  Meanwhile,  the  reduction  of  Ni4+in  the  delithiated 
NCM  to  inactive  NiO  results  in  high  solid-electrolyte  interfacial 
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impedance  and  poor  cycle  life  of  the  cell  [12].  The  compromise 
between  high  capacity,  cycle  life,  and  thermal  stability  leads  to  the 
development  of  NCM  in  which  the  Ni  content  is  between  LiNio.s- 
Coo.1Mno.1O2  and  LiNii/3Mni/3Coi/302.  It  was  reported  that  intro¬ 
duction  of  stable  tetravalent  Mn  in  the  layered  LiNixCoi_2XMnx02 
reduces  the  interfacial  impedance,  leading  to  a  significant 
improvement  of  cell  cycle  life  and  thermal  stability  8]. 

The  relative  high  energy  density,  good  thermal  stability  and 
cycle  life  of  NCM  have  made  it  a  promising  candidate  for  com¬ 
mercial  applications.  However,  the  characterization  of  NCM  cath¬ 
odes  was  mainly  investigated  in  coin  cells,  where  typically  less  than 
a  few  hundreds  of  cycles  were  conducted  13-16].  For  applications 
such  as  EV/PHEV  and  stationary  power  application,  the  evaluation 
of  full  cells  with  extended  cycle  life  test  is  desired.  For  instance, 
5000  charge-depleting  cycles  and  15  years  of  calendar  life  are 
required  for  the  PHEV  application  with  40-mile  electric  drive  bat¬ 
tery  [17].  We  present  here  the  characterization  of  pouch  cells  with 
NCM  cathode  and  graphite  anode  under  extensive  cycling  (>2000 
cycles).  The  effects  of  cathode  composition  and  electrode  design  on 
cycle  life  were  investigated.  The  possible  capacity  degradation 
mechanism  was  also  discussed. 

2.  Experimental 

All  experiments  were  performed  on  lithium  ion  battery  pouch 
cells  that  were  assembled  with  lithium  nickel  cobalt  manganese 
oxides  (NCM)  as  cathode,  synthetic  graphite  as  anode,  polyethylene 
as  separator,  and  1.15  M  LiPF6  in  EC/EMC  (1:3)  as  electrolyte.  All 
electrode  materials  were  purchased  from  commercial  suppliers 
without  modification.  The  cathodes  consist  of  92%  active  material, 
4%  conductive  carbon  black,  and  4  wt%  poly(vinylidene  fluoride) 
(PVDF).  The  anodes  consist  of  85%  active  material,  8%  conductive 
graphite,  and  7%  PVDF.  The  electrodes  were  obtained  by  mixing 
active  materials,  conductive  additives,  and  PVDF  in  NMP,  coating 
the  slurry  onto  a  current  collect  (Al  for  cathode,  Cu  for  anode), 
drying  the  electrodes,  and  roll  pressing  to  targeted  thickness.  The 
porosity  of  cathodes  was  kept  constant  (-30%).  The  electrodes 
were  finally  vacuum  dried  at  120  °C  before  cell  assembly. 

Electrochemical  tests  were  conducted  on  Maccor  testers.  Five 
pouch  cells  were  prepared  for  each  test  to  ensure  the  reproduc¬ 
ibility  of  the  results.  For  discharge  rate  test,  the  pouch  cells  were 
charged  at  0.5C  rate  to  4.2  V,  kept  at  4.2  V  until  current  decreases  to 
0.05C  (CC-CV  protocol),  and  discharged  at  various  C  rates  to  2.7  V. 
The  cycling  test  was  conducted  at  1C  current  for  both  charge  and 
discharge  between  4.2  V  and  3.0  V  at  25  °C.  The  impedance  change 
during  cycles  was  monitored  by  electrochemical  impedance  spec¬ 
troscopy  (EIS),  which  was  performed  in  the  frequency  range  from 
1  kHZ  to  50  mHZ  with  ac  amplitude  of  10  mV.  The  pouch  cells  were 
also  characterized  by  the  application  of  the  hybrid  pulse  power 
characterization  (HPPC)  test  following  the  FreedomCAR  battery  test 
manual  for  plug-in  hybrid  vehicles  [18]. 

XRD  patterns  were  collected  on  a  Phillips  X-ray  diffractometer 
with  Cu  Ka  radiation.  Data  were  collected  between  15°  and  90°  at  a 
scan  rate  of  0.01  °/s.  The  lattice  constants  a  and  c  and  the  fraction  of 
transition-metal  atoms  (assumed  to  be  Ni)  in  the  lithium  layer  were 
determined  using  Rietveld  refinements  with  Reitica  software.  The 
morphology  and  composition  of  the  cathode  powders  were  also 
examined  by  scanning  electron  microscopy  (SEM,  Hitachi  S-900) 
and  energy  dispersive  spectroscopy  (EDS)  attached  to  the  SEM. 

3.  Results  and  discussion 

Fig.  1  shows  the  XRD  patterns  and  Rietveld  fit  of  two  commercial 
NCM  materials  that  were  employed  as  cathodes.  The  two  NCM 
cathode  powders  has  atomic  ratio  of  Ni,  Co,  Mn  close  to  50:20:30 


20  30  40  50  60  70  80  90 

Cu  ka  26  (degree) 


Fig.  1.  XRD  pattern  and  Rietveld  refinement  of  cathode  powers:  (a)  NCM523,  (b) 
NCM433.  Circles  and  lines  correspond,  respectively,  to  the  observed  and  calculated 
intensities.  The  difference  between  the  observed  and  calculated  patterns  and  the  peak 
positions  corresponding  to  the  03  type  phase  are  also  shown. 

and  40:30:30,  respectively,  according  to  EDS  analysis  (Table  1 ),  and 
therefore  is  referred  to  as  NCM523  and  NCM433,  respectively  for 
simplicity.  The  XRD  patterns  of  NCMs  in  Fig.  1  can  be  well  fitted  by 
the  oc-NaFe02  structure  with  space  group  R-3m.  The  refined  lattice 
constants  and  the  fraction  of  transition-metal  atoms  in  the  lithium 
layer  for  the  cathode  samples  were  also  listed  in  Table  1.  For  the 
refinements,  it  was  supposed  that  Ni2+  ions  located  with  the  3b  site 
can  be  exchanged  with  Li+  occupied  at  the  3a  site  due  to  similarity 
of  their  ionic  radii  (Li+  =  0.76  A,  Ni2+  =  0.69  A).  The  NCM433  ex¬ 
hibits  lower  degree  of  cation  mixing  and  smaller  lattice  parameter 
compared  to  NCM523  (Table  1).  The  reduced  degree  of  cation 
mixing  is  largely  due  to  increased  Co  content,  because  Co3+  has 


Table  1 

Crystal  structural  parameters  and  compositions  of  cathode  powders. 


Cathode 

Crystal  structural  parameters  from  XRD 

Composition  from  EDS 

a  (A) 

c(A) 

Volume  (A3) 

Cation 
mixing  (%) 

Ni  (%) 

Co  (%) 

Mn  (%) 

NCM  523 

2.868 

14.234 

101.421 

3.6 

49.7 

20.1 

30.2 

NCM  433 

2.855 

14.202 

100.244 

2.1 

38.2 

28.5 

33.4 
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lower  occupation  in  the  Li  layer  due  to  the  larger  difference  in 
radius  between  Co3+(0.55  A)  and  Li+(0.76  A).  The  increase  of  Co3+ 
and  Mn4+  (0.53  A)  (Table  1)  that  have  smaller  radius  than  Ni2+  or 
Ni3+  (0.60  A)  also  leads  to  smaller  lattice  parameter  for  NCM433 

[10]. 

The  morphology  of  the  two  cathode  powders  was  also  examined 
by  scanning  electron  microscopy  (SEM),  as  illustrated  in  Fig.  2.  The 
particles  in  both  samples  are  predominately  spherical  (Fig.  2(a)  and 
(b)).  The  particle  size  distributions  for  both  samples  are  summa¬ 
rized  in  Fig.  2(c)  and  (d).  In  both  samples,  the  particle  sizes  are 
centered  about  6-6.5  pm  with  standard  deviation  of  1.7-2.2  pm. 

Pouch  cells  with  NCM  as  cathode  and  graphite  as  anode  were 
charged  at  0.5C  and  discharged  at  various  currents,  and  the 
representative  discharge  profiles  are  illustrated  in  Fig.  3(a)— (c).  The 
average  normalized  capacity  was  also  plotted  against  discharge 
current  in  Fig.  3(d),  in  which  error  bars  are  shown  to  represent  the 
data  distribution.  The  cell  designs  were  based  on  the  capacity  data 
for  anode  and  cathode  in  half  cells  (versus  Li),  and  anodes  were 
employed  in  excess  to  balance  the  irreversible  loss  of  capacity  due 
to  the  formation  of  the  solid  electrolyte  interface  (SEI)  layer  at  the 
anodes,  and  to  prevent  lithium  deposition  at  the  end  of  charge.  The 
cells  with  NCM523  and  NCM433  share  similar  cell  design  except 
cathode  composition  (capacity  ratio  of  negative  electrode  to  posi¬ 
tive  electrode,  or  N/P  ratio  =  1.06).  In  addition,  a  group  of  cells  were 
prepared  with  NCM433  but  with  lower  cathode  loading  (same 
anode  and  therefore  higher  N/P  ratio,  N/P  ratio  =  1.19,  referred  to  as 


NCM433').  The  cell  with  NCM523  (Fig.  3(a))  shows  slightly  higher 
capacity  than  that  with  NCM433  (Fig.  3(b)).  The  higher  capacity  of 
the  cell  with  NCM523  is  mainly  due  to  higher  cathode  specific  ca¬ 
pacity  (162  mAh  g-1  for  NCM433  versus  167  mAh  g_1  for  NCM523 
between  2.7  V  and  4.3  V  versus  Li),  because  the  capacity  of  NCM 
increases  with  Ni  content  [10].  Flowever,  compared  to  the  cell  with 
NCM523,  the  one  with  NCM433  shows  less  capacity  decay  when 
discharge  current  increases  from  0.2C  to  3C  (Fig.  3(d)),  which  in¬ 
dicates  that  NCM433  has  higher  rate  capability  since  NCM532  and 
NCM433  have  similar  particle  size  (Fig.  2).  The  higher  rate  capa¬ 
bility  of  NCM433  is  related  to  reduced  cation  mixing  (Table  1), 
which  impedes  Li+  transport.  The  cell  with  higher  N/P  ratio 
(NCM433')  shows  lower  capacity  (Fig.  3(c))  due  to  reduced  cathode 
loading,  but  it  also  shows  less  capacity  decay  with  increasing  cur¬ 
rent  (Fig.  3(c)  and  (d))  indicating  better  rate  capability.  The  better 
rate  performance  of  NCM433'  is  mainly  due  to  thinner  cathode  that 
has  shorter  diffusion  path  for  Li  ion  intercalation/de-intercalation. 

The  area  specific  impedance  (ASI)  was  measured  at  4C  discharge 
pulse  current  rate  using  FIPPC  procedure  in  accordance  with  the 
FreedomCAR  battery  test  manual  for  PFIEVs.  Fig.  4(a)  shows  the 
typical  cell  voltage  and  current  profile  for  the  test.  HPPC  test  con¬ 
sists  of  a  series  of  pulse  profile  that  contains  pulse  discharge  (4C/ 
10  s),  rest  step  (40  s)  and  regenerative  pulse  charge  (3C/10  s)  fol¬ 
lowed  by  lC-discharge  for  10%  of  calculated  capacity  obtained  from 
the  formation  cycles.  The  average  area  specific  impedance  (ASI)  for 
4C  HPPC  discharge  as  function  of  depth  of  discharge  (DOD)  is 


Particle  Size  {van)  Particle  Size  (nm) 


Fig.  2.  SEM  micrograph  of  cathode  powders:  (a)  NCM523  and  (b)  NCM433.  (c)  and  (d)  is  particle  size  distribution  in  (a)  and  (b),  respectively. 
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Fig.  3.  Representative  discharge  profile  of  full  cells  with  (a)  NCM523,  (b)  NCM433,  and 
(c)  NCM433'  at  various  currents,  (d)  Normalized  average  discharge  capacity  at  various 
C  rates  for  NCM  cathodes,  A:  NCM523,  B:  NCM433,  C:  NCM433'. 


shown  in  Fig.  4(b).  Compared  to  the  cells  with  NCM523,  those  with 
NCM433  show  lower  ASI,  and  those  with  NCM433'  show  the  lowest 
ASI.  It  was  also  found  that  the  cells  with  lower  ASI  also  have  higher 
rate  performance  (Fig.  3(d)).  The  ASI  values  obtained  here  are 
comparable  to  what  were  reported  in  the  literature  and  meets  or 
exceeds  USABC-DOE  requirement  [7]. 

Long  term  cycling  tests  on  pouch  cells  with  NCM  cathodes  were 
carried  out  at  1 C  charge  and  1 C  discharge  current  and  the  results 
are  shown  in  Fig.  5.  Each  data  point  in  the  figures  is  the  average  of 
5  cells.  The  cells  with  NCM523  show  a  little  higher  capacity  at  the 
beginning  (Fig.  5(a)),  but  the  capacity  degrades  faster  than  other 
cells.  On  the  other  hand,  the  cells  with  NCM433'  show  slightly 
lower  capacity  than  other  two  cells  due  to  lower  cathode  loading 
but  demonstrate  the  best  cycling  performance.  The  capacity 
retention  (%)  versus  cycle  for  the  three  cells  was  plotted  in 
Fig.  5(b).  All  three  cells  show  excellent  cycling  performance 
with  >2000  cycles  at  80%  capacity  retention  and  the  best  cell 
(NCM433')  shows  ~85%  capacity  retention  after  close  to  3500 
cycles.  The  good  cycle  life  and  relative  high  capacity  of  NCM  make 
it  a  promising  candidate  for  commercial  applications  such  as  EV/ 
PFIEV  and  stationary  power  application.  More  close  comparison 


Fig.  4.  (a)  Representative  HPPC  test  profile  of  a  full  cell  with  NCM523,  (b)  the  resulting 
average  ASI  during  discharge  at  various  depth  of  discharge  (DOD)  for  cells  with  A: 
NCM523,  B:  NCM433,  C:  NCM433'. 

between  the  three  types  of  cells  is  shown  in  Fig.  5(c),  in  which  data 
points  were  selected  from  Fig.  5(b)  up  to  2300  cycles  with  error 
bars  (<2%)  to  represent  the  overall  distribution  of  the  data.  It  is 
evident  that  the  cells  with  NCM433  show  better  cycling  perfor¬ 
mance  than  that  with  NCM523,  which  indicates  that  cathode 
composition  plays  an  important  role  in  cycle  life.  Meanwhile,  cells 
with  NCM433'  show  the  best  cycling  performance  among  all  three 
cells,  indicating  electrode  design  also  has  important  effects  on 
cycle  life.  Past  investigations  on  cycle  life  of  NCM  are  mostly 
conducted  on  coin  cells  with  a  few  hundreds  of  cycles.  However,  it 
was  found  in  this  study  that  it  is  hard  to  distinguish  the  perfor¬ 
mance  difference  between  NCM  cathodes  with  subtle  difference  in 
composition  by  limited  cycles.  For  instance,  the  capacity  retention 
at  less  than  500  cycles  is  almost  indistinguishable  between  the 
three  cells  (Fig.  5(b)).  In  addition,  for  applications  such  as  HEV,  EV 
or  stationary  power  application,  where  long  cycle  life  is  important, 
short  term  cycling  is  not  enough  to  evaluate  the  durability  of 
lithium  ion  batteries. 

In  order  to  understand  the  difference  in  cycle  life  among  the 
three  cells,  the  differential  capacity  dQ/dV  was  plotted  against  cell 
voltage  over  various  cycles,  shown  in  Fig.  6.  Differential  capacity 
measurements  versus  potential  and  cycle  number  offer  greater 
sensitivity  to  probe  cell  degradation  over  a  cycle  life  test  [19]. 
Fig.  6(a)  shows  the  differential  capacity  versus  cell  voltage  at 
various  cycle  numbers  up  to  2000  cycles  for  the  cell  with  NCM  523. 
As  cycling  proceeds,  the  dQ/dV  peaks  for  Li+  de-intercalation  shift 
to  higher  voltages,  while  the  dQ/dV  peaks  for  Li+  intercalation  shift 
to  lower  voltages.  In  addition,  the  dQ/dV  peak  magnitude  decreases 
with  cycles.  The  decay  of  dQ/dV  peak  may  indicate  the  loss  of  active 
materials  [19  .  The  shift  of  dQ/dV  peaks  may  resulted  from  the 
relative  shift  or  slippage  in  capacity  of  the  two  electrodes  in  the  cell 
caused  by  SEI  growth  and/or  electrolyte  oxidation  [19],  or  increase 
of  polarization  caused  by  increase  of  internal  resistance  [20].  The 
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Fig.  5.  Capacity  (a)  and  capacity  retention  (b)  as  function  of  cycle  number  for  full  cells 
with  A:  NCM523,  B:  NCM433,  C:  NCM433'.  (c):  Data  selected  from  (b)  showing  cycling 
performance  up  to  2300  cycles  with  error  bars  to  represent  data  distribution.  Cells 
were  charged  at  1C  and  discharged  at  1C  at  room  temperature. 


cell  with  NCM433  cathode  shows  less  dQ/dV  peak  decay  and  less 
dQ/dV  peak  shift  (Fig.  6(b))  compared  to  that  with  NCM523 
(Fig.  6(a)),  which  may  result  from  cathode  composition  difference 
since  both  cells  share  similar  cell  design.  On  the  other  hand,  the  cell 
with  NCM433'  shows  the  least  dQ/dV  peak  decay  and  peak  shift 
with  cycles  (Fig.  6(c)),  indicating  that  electrode  design  also  plays  an 
important  role. 

Electrochemical  impedance  spectroscopy  (EIS)  was  used  to  es¬ 
timate  the  overall  resistances  of  the  cells  during  cycling.  Fig.  7(a)— 
(c)  shows  the  Nyquist  plots  of  cells  during  1st,  1000th,  and  2000th 
cycle.  The  overall  cell  impedance  is  the  sum  of  the  positive  and 
negative  electrode  impedances  and  the  electrolyte  resistance.  Both 
anode  and  cathode  impedances  include  contributions  from  solid 
electrolyte  interface  (SEI)  at  the  surface  of  electrodes,  the  charge 
transfer  resistance  at  the  electrode-electrolyte  interface.  However, 
contribution  from  each  of  these  resistances  could  be  determined 
only  by  conducting  EIS  studies  on  individual  electrodes.  As  shown 
in  Fig.  7,  the  cell  overall  impedance  increases  with  cycles  indicated 
by  the  size  increase  of  the  semi-circles.  However,  the  cell  with 
NCM523  (Fig.  7(a))  shows  more  impedance  increase  than  that  with 
NCM433  (Fig.  7(b)).  The  cell  with  NCM433'  cathode  shows  the  least 
impedance  increase  (Fig.  7(c)). 
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Fig.  6.  Differential  capacity  as  function  of  voltage  for  (a)  NCM523,  (b)  NCM433,  and  (c) 
NCM433'  at  various  cycles  after  formation,  A:  1st  cycle,  B:300th  cycle,  C:  600th  cycle,  D: 
1200th  cycle,  E:  2000th  cycle. 

From  the  correlation  between  cycling  performance  (Fig.  5)  and 
EIS  data  (Fig.  7),  it  is  evident  that  the  impedance  rise  with  cycles 
contributes  to  capacity  fade.  The  rise  in  cell  impedance  may  be  due 
to  formation  and  growth  of  SEI  on  anode  [21  ],  formation  of  inactive 
oxide  on  cathode  surface  that  acts  as  obstacles  to  Li  intercalation/ 
deintercalation  [22],  dissolution  of  metal  ions  from  cathode  [23]. 
Compared  to  high  temperature  and/or  high  voltage  (>4.3  V) 
cycling,  the  dissolution  of  metal  ions  in  NCM  at  room  temperature 
and  normal  voltage  (4.2  V)  is  insignificant  [24].  The  cells  with  lower 
Ni  content  (NCM433)  shows  better  cycling  performance,  mainly 
due  to  increased  cathode  structural  and  interfacial  stability 
resulting  from  reduced  cation  mixing  and  decrease  of  unstable 
active  species  of  Ni  [10].  NCM  with  higher  Ni  content  exhibits 
structural  transformation  near  the  surface  region  that  increases  the 
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Fig.  7.  Electrochemical  impedance  spectroscopy  (EIS)  of  full  cells  with  (a)  NCM523,  (b) 
NCM433,  and  (c)  NCM433'  at  various  cycles  after  formation,  A:  1st  cycle,  B:  1000th 
cycle,  C:  2000th  cycle. 


charge-transfer  resistance  between  the  positive  electrode  and  the 
electrolyte  during  electrochemical  cycling  [25].  In  addition,  the 
formation  of  inactive  Ni  (II)  and  Ni  (IIII)  which  acts  as  obstacles  to  Li 
intercalation/deintercalation  [22],  also  leads  to  cathode  active 
material  loss  in  electrode  and  contributes  to  capacity  fade.  The  peak 
decay  with  cycle  in  the  dQ/dV  plot  (Fig.  6)  may  indicate  active 
material  loss.  Furthermore,  the  marginally  higher  Mn4+  content  in 
NCM433  (Table  1)  may  also  contribute  to  the  improved  cycle 
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Fig.  8.  Full  cell  thickness  change  (%)  as  function  of  state  of  charge  (SOC)  during 
formation  with  NCM  433  at  different  N/P  ratios. 


stability,  as  the  cycling  performance  and  thermal  stability  of  NCM 
are  sensitive  to  Mn4+  content  [8]. 

The  improved  cycling  performance  of  NCM433'  compared  to 
NCM433  illustrates  the  importance  of  electrode  design.  Electrode 
thickness,  electrode  porosity,  chemical  composition  and  N/P  ratio 
are  among  the  important  factors  in  electrode  design  [26,27]. 
NCM433'  cells  share  the  same  chemical  composition  and  electrode 
porosity  with  NMC433  cells  but  are  thinner  in  cathode  (lower 
loading)  and  higher  in  N/P  ratio.  Thinner  electrodes  usually  show 
lower  internal  resistance  and  better  mechanical  integrity,  which  in 
turn  lead  to  better  cycle  life  [26].  Results  of  N/P  ratio  study  in  a 
three  electrode  cell  indicated  that  anode  is  charged  to  a  lower  state 
of  charge  (SOC)  at  higher  N/P  ratio  (or  more  excess  anode)  [27], 
which  results  in  less  volume  change  or  less  strain  during  cycling. 
This  is  evident  from  the  cell  thickness  change  when  the  cells  were 
charged  to  0%,  50%  and  100%  SOC,  shown  in  Fig.  8,  where  the  cell 
with  higher  N/P  ratio  shows  less  thickness  increase  during  charge. 
It  was  reported  that  cell  thickness  change  is  mainly  contributed  by 
graphite  anode  [28]  and  mechanical  strain  is  one  of  the  major 
degradation  mechanisms  for  graphite  anode  [29].  Further  study  is 
ongoing  to  further  understand  the  effect  of  electrode  design  on 
cycling  performance. 

4.  Conclusions 

Lithium  ion  batteries  using  NCM  cathode  and  graphite  anode 
have  demonstrated  long  cycle  life  (>3000  cycles).  It  was  found  that 
cathode  material  composition,  electrode  design  have  important 
effects  on  rate  performance  and  cycle  life.  Compared  to  the  cells 
with  NCM523,  those  with  NCM433  shows  higher  rate  performance, 
less  impedance  rise  during  cycling  and  better  cycle  life,  which  may 
be  due  to  more  stable  cathode  structure  with  less  Ni  content  and 
less  cation  mixing.  Cells  with  thinner  cathode  and  slightly  higher 
electrode  N/P  ratio  also  shows  improved  rate  performance  and 
cycle  life,  due  to  lower  cell  impedance  and  less  cell  volume  change 
during  cycling. 
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